ABSTRACT: A study was conducted using four preruminant calves t o determine the contribution of portal-drained viscera, liver, and hindquarters to circadian changes in total energy expenditure, afier removing variations due to behavioral patterns. Indirect calorimetry and in vivo arterio-venous techniques were used. Standing time was longer ( P < .01) after the meals and shorter ( P < .01) at night. These variations were associated with higher ( P < .01) energy cost of standing immediately after the meals and lower ( P < .01) ones at night. When these behavioral effects were removed, total energy expenditure of lying,calves was shown to be stable between the morning and evening meal, t o increase by 11.5% and remained elevated during the 6 h after the evening meal, and to reach the lowest values at night. Portal-drained viscera and liver contributed 32.8 to 53.7% and 29.1 to 32.2%, respectively, to the circadian variations calculated for calves that were always standing. Changes in splanchnic tissue energy expenditure resulted from combined modifications in blood flow and 0 2 extraction rate. The contribution of hindquarters could not be clearly established. Overall, portal-drained viscera, liver, and hindquarters contributed 17.2, 12.8, and 18.0%, respectively, to total energy expenditure of standing calves. Their respective in vivo metabolic activities averaged 1.08, 2.10, and .25 pmol of 0 2 consumed.rnin-l.g-l of fresh tissue.
Introduction
Energy expenditure (EE) of animals is known to increase postprandially as a result of food ingestion and digestion and nutrient absorption and metabolism. In ruminants the portal-drained viscera and the liver seem to be responsible for the postprandial increase in EE, whereas EE of hindquarters seems to decrease postprandially (Webster and White, 1973; Christopherson and Brockman, 1989) . Preruminants differ from ruminants in that their rumen is nonfunctional, as well as by a more rapid rate of passage of food through the gastrointestinal tract and by the nature of the food ingested. In preruminants the contribution of splanchnic tissues to the postprandial increase in EE is not known. Additionally, data on lThe authors express their appreciation to J. Lefaivre for surgery, to R. Souchet and C. LBoty for taking care of the animals, to F. Duboisset for her technical expertise, to J. Vernet and J.-P. Donnat for running the respiration chambers, to Y. Anglaret for analyzing the calorimetry data, and to M. Mailhot for statistical advices.
2To whom correspondence should be addressed. Received February 28, 1994 . Accepted September 6, 1994 J. h i m . Sci. 1995. 73:552-564 simultaneous postprandial changes in muscle EE are very scarce in ruminants and nonexistent in preruminants. Determination of postprandial thermogenesis may be biased by changes in spontaneous physical activity, in particular by modifications in the time spent standing and its associated energy cost (Ortigues et al., 1994b) . Quantification of the influence of physical activity on the postprandial changes in EE has rarely been done in animals.
Consequently, the objectives of the present experiment were to study 1) the circadian changes in EE in preruminant calves while eliminating any possible bias due to variable physical activity and 2 ) the contribution of the portal-drained viscera, liver, and hindquarters to changes in total EE. Preliminary shavings. At the age of 14.5 r 1.04 d and at the average BW of 46.6 f 2.45 kg, they were fitted with chronic blood catheters in the portal vein ( PV), a hepatic vein ( H V ) , a mesenteric vein ( W ) , and a mesenteric artery ( M A ) as described by Durand et al. (1988) . Additionally, a catheter was fitted in the vena cava ( VC), approximately 2 cm cranially to the iliac junctions, as described by Ortigues et al. (1994a) . Blood flow probes were implanted (Durand et al., 1988) around the portal vein (electromagnetic probe, 14 mm i.d., Gould Inc., Oxnard, CA), as well as the posterior aorta ( Ao) and the left branch of the hepatic artery ( H A , ultrasonic probes, R12 and R3 types respectively, Transonic Systems, Ithaca, NY ).
The postsurgical care and catheter maintenance protocol have been described elsewhere (Durand et al., 1988) . The experiment was conducted in a manner compatible with national legislation on animal care (Certificate of Authorization to Experiment on Living Animals, no. 02760 delivered by the Ministry of Agriculture to M. Vermorel, Head of Research Unit) .
Feeding
All calves were fed a commercial milk replacer containing milk powder and tallow as the main fat source (239 g of CP, 210 g of fat, 4.78 Mcal of MEkg of DM) in two equal daily feedings a t 0800 and 1600. Feed allowances were calculated for a daily gain of 1 kg/d, assuming that maintenance ME requirements amounted to 100 kcaVkg BW.75 , that the energy content of body gain averaged 2,500 kcaVkg of gain for 3-to 5-wk-old calves, and that the efficiency of ME utilization for growth equaled .7 (vanEs, 1966) . After the appetites returned to normal (approximately 7 d after surgery) feed allowances were determined (on what was considered as d 1) and left unchanged thereafter.
Measurements Feeds and Live Weights.
Two batches of milk replacer were used. Dry matter (80°C for 48 h in a draught-air oven) was determined every fortnight. Samples from each batch were also taken fortnightly, composited, and stored at 4°C awaiting DM, GE, and total Kjeldahl N determination. Calves were weighed once weekly a t a fixed hour (1330).
Calorimetric Measurements. Respiratory exchanges were measured by indirect calorimetry using open circuit respiration chambers as described by Vermorel et al. (1973) and Ortigues et al. (1994b) . Measurements started after calves had sufficiently adapted to the diet. Respiratory exchange measurements were conducted for two consecutive days ( d 12 and 13) following 1 d of adaptation to the chambers. It had been previously checked in our laboratory that very young calves adapt almost immediately to the chambers. Recording of the outlet air flow and inlet and outlet 0 2 and C02 concentration differences was carried out at discrete intervals every 5 min. Respiratory exchange measurements were interrupted prior to each meal to calibrate gas analyzers. The position of the calf (standing vs lying) was also recorded at discrete intervals once every 5 min, by connecting the calf to an electrical switch using a harness. Calculation of respiration exchanges was carried out as described in Ortigues et al. ( 199413) . The term "measured EE" used subsequently specifically refers to the observed EE uncorrected for posture changes. Nevertheless, the account of posture made it possible t o calculate for each standing event the energy cost of standing above that of lying ( ECS) as the difference between standing EE and the baseline EE.
Consequently the EE of calves that were always lying was calculated from the measured lying EE and the baseline values for the standing periods. The EE of calves that were always standing was obtained from the measured standing EE, and from the measured lying EE to which was added an ECS value. A full description of these calculations is presented in Ortigues et al. (1994b) . Values of EE were then integrated over l-h periods, timed from meal distributions.
Blood Flow and Sampling. Twenty-four-hour measurements of 0 2 flux through the portal-drained viscera, the liver, and the hindquarters were carried out 10 d ( d 10) after calves had resumed their normal eating habits. Calves had previously been accustomed to handling and to the blood sampling procedures. Twelve hours before the start of sampling and throughout d 10, Na2EDTA ( 6 % ) was used as the anticoagulant for catheter maintenance to avoid the risk of activation of the lipoprotein lipase by heparin.
On d 10, blood samples were collected from the MA, PV, H V , and VC 15 min before and 30 min following the morning feed, and every 60 min thereafter until the evening meal. One-hour sampling resumed 30 min following the evening meal until the next morning meal. To ensure uniformity in sample collection, all samples were taken while the calves were standing quietly ( a t least 4 min after they had stood up in case they were previously lying down). Calves were allowed to lie between sampling events.
Each sample ( 2 mL) was collected by gentle aspiration using glass syringes in which dead space was filled with diluted heparin (2,500 IU/mL). Syringes were capped immediately with rubber septa to avoid any contact of blood with air and stored on ice for a maximum of 30 min awaiting total blood 0 2 determination (Tucker, 1967) .
Whole-blood hematocrit was obtained by centrifugation of blood in microcapillary tubes.
Blood flows through the PV, HA, and posterior Ao were continuously recorded over the 24-h period (1,770 scrutations/min, integrated over each minute). Total hepatic arterial blood flows were calculated as being equal to two times the blood flow through the left hepatic artery. To improve the interpretation of Ao blood flows, animal behavior (lying, standing, moving) was recorded manually on the basis of visual observations. Corrections were applied to Ao blood flows so that corrected blood flows would be representative of a quietly standing animal (Ortigues and Durand, 1994 blood flows in Ao. Blood flows were averaged over l-h periods, timed from meal distributions. To each hourly blood flow corresponded a blood 0 2 concentration value that had been obtained in the middle of each hourly period. Splanchnic and hindquarter 0 2 fluxes, 0 2 consumption, and 0 2 extraction ratios were then calculated as described in Ortigues and Durand (1994) . Tissue EE was obtained from 0 2 consumption data as EE (kcal/ d ) = 109.5 x consumed 0 2 (mole/d) (McLean, 1986) .
Body Composition
At the end of the experiment, calves were slaughtered and partly dissected. The weight of the portaldrained viscera, empty of digestive contents, was obtained as well as that of the liver. Hindquarters were cut off from the carcass at the level of the VC catheter tip and were separated into meat (all soft tissues but skin), bones, and skin. The different parts of the hindquarters were weighed.
Statistical Analyses
Results were analyzed according to the univariate repeated measures analysis (SAS, 1987) using hour as the repeated measures factor. For the results on whole-animal respiratory exchanges, a second repeated measures factor, day of measurement, was used. Separate analyses were conducted for each of the intervals between meals.
The Huynh Feld epsilon ( HF Eps) adjustment factor of the F-test was used to account for possible unequal correlations between repeated measures (Homer, 1989) . This factor is reported in addition to the standard error of treatment means (SEM = d [residual mean squarehumber of observations per treatment]). The effect of day of measurement or the interaction day of measurement x hour was found to be nonsignificant for EE measurements or for the time spent standing; therefore, these results will not be reported.
Results

Animal Health and Catheter Patency
All calves recovered well from surgery and were back on full feed 4 to 7 d after surgery. Body weight gain of the calves after catheterization averaged 749 2 66.9 g/d. Calves weighed 60.2 2 4.49 kg at the time of measurements.
Necropsies revealed that catheter tips were correctly located. Most catheters remained functional throughout the experiment except for one catheter in the posterior VC. Additionally, Ao blood flows could be recorded in only two calves because of technical mishaps.
Measured Circadian Changes in Whole-Animal Energy Expenditure and Standing Time
In the morning, interruption of measurements for calibration checks of the gas analyzers usually allowed the last hourly measure to be completed. In the afternoon, however, measurements before the second meal were generally incomplete because of this interruption. Data were discarded and thus could not be compared with the corresponding tissue results.
In the 1st h after the morning meal, measured EE averaged 2.27 kcal.kg-l BW-h-'. It then decreased ( P < .07) to an average of 2.04 kcal-kg-1 BW.h-l and stayed at that level over the following 6 h (Figure l) .. This effect resulted from a drop ( P < .01) in the time spent standing from the 2nd h after the morning meal onward ( 1 4 instead of 37 min/h). Consequently, EE calculated for calves that were always lying or always standing averaged 1.91 and 2.46 kcal.kg-l BW.h-l, respectively, and remained unchanged over the 7 h postprandially.
After the evening meal, measured hourly EE decreased ( P < .01) with time from 2.40 to 1.79
kcal.kg-l BW-h-l (Figure 1 ). Three periods could roughly be distinguished during which measured hourly EE were not significantly different: h 1 to 5, h 6 to 11, and h 12 to 16 (2.37, 2.11, and 1.85 kcal.kg-1 BW.h-l, respectively). These changes were partly but not entirely related to the time spent standing. Hourly standing time was higher ( P < .O 1) in the 1st h postprandially ( 3 9 min) than in all following hours. It decreased regularly until h 9, remained at low levels ( 1 1 min) from h 10 to 14, and tended to increase again thereafter (i.e., before the next morning meal). Therefore, EE calculated for calves that were always lying remained relatively unchanged during the first 6 h postprandially at an average of 2.13 kcal.kg-I BW.h-l and decreased regularly to 1.73 kcal.kg-1 BW.h-l in h 16. The postprandial changes noted for the calves that were always standing were slightly different from those observed for the calves that were always lying, but were similar to the measured values. Indeed, three periods could again be distinguished during which hourly EE were not significantly different from each other, h 1 to 6, h 7 to 11, and h 12 to 16. The differences in pattern noted for the lying or standing profiles resulted from variations in the ECS with time. The ECS averaged 617, 563, and 511 cal.kg-l BW-h-l in h 1, 2 to 4, and 5 to 7 after the morning meal, and 535, 515, 473, 476, 448 , and 407 cal.kg-1 BW.h-I in h 1, 2 to 4, 5 to 7, 8 to 10, 11 to 13, and 14 to 16 after the evening meal (SEM = 43.3, HF Eps = 1.001, respectively.
The ECS could not be determined for every hour because calves did not always stand up in each hour. The ECS was higher during the 1st h after the morning ( P < .O 11 and evening (not significant) meals than at other times, whereas the lowest values ( P < .01 1 were obtained in the night during h 11 to 16 after the evening meal.
Postprandial Changes in Splanchnic Blood Flows
Before the morning meal, PV and HV blood flows averaged 2.54 and 3.00 L/min, respectively (Table 1) . Some changes in PV and HV blood flows were noted after the morning meal; however, the pattern and the timing of changes were extremely different between calves. In two calves, PV and HV blood flows increased by 12% in the 1st h following the morning meal then decreased to return to the preprandial levels in h 3 and increased thereafter regularly by a total of 15% until the evening meal. In the two other calves, blood flows decreased immediately after the meal to reach the lowest levels either in h 2 or in h 7 to 8. Consequently, when averaged across all calves, blood flows remained statistically unchanged at the Table 1 . Changes in average hourly blood flows (L/min) through the portal vein (PV), hepatic vein (HV), hepatic artery (HA), and posterior aorta (Ao; as observed or corrected to a standing animal) measured in preruminant calves after the morning meal. Contribution of hepatic artery to total hepatic blood flow, time spent standing (minlh), and increase in aortic blood flow with standing (mL/min) are also shown preprandial levels (2.58 and 2.96 L/min) during the eight postprandial hours ( Table  1) . After the evening meal, the pattern of PV and HV blood flow changes was much less variable between calves. As far as PV blood flow was concerned, it rose ( P < .01) from 2.58 L/min immediately preprandially to an average of 3.06 L/min in the first 3 h postprandially ( Table 2 ). The PV blood flow was then at intermediate levels between h 4 and 6. It started t o decrease ( P < .01) from h 7 after the evening meal onward, and reached its lowest values (2.32 L/min, P < .01) in h 14 and 15. The timing of postprandial HV blood flow changes was slightly different. The rise noted from 3.02 L/min immediately preprandially to an average of 3.49 Umin in h 1 to 4 was not significant. However, the significant drop in H V blood flow started earlier than that noted for PV, from h 5 instead of h 7. The lowest values were also measured in h 14 and 15 (2.66 L/min).
The magnitude of blood flow changes was relatively similar for PV and H V ; small differences still existed, which were noted in terms of HA blood flow. The HA blood flow averaged .46 L/min before the morning meal and decreased to .38 Umin thereafter ( Table 2 ) . This drop was not significant even though the lowest contributions ( P < .07) of HA to total hepatic blood flow were measured in h 6 and 7 after the morning meal ( . l 1 instead of . l 4 to . l 5 around meal time). Subsequently HA blood flow and contribution tended to increase in h 8 (i.e., just preceding the evening meal). In the evening the pattern of changes ( Table  2 ) was then slightly different from that observed in the morning. The HA blood flow and its contribution to total hepatic blood flow were elevated from h 1 to 4 postprandially ( . 4 4 L/min; .13), and decreased thereafter ( . 3 4 Urnin; . l l ) . This effect was significant for HA blood flows only ( P < .03).
Postprandial Changes in Aortic Blood Flows
Because aortic blood flows were measured in two calves only, no statistical analysis was applied to the results. The difference in Ao blood flow between lying and standing calves averaged 193 and 252 mL/min in the morning and evening periods, respectively. Consequently, Ao blood flows, corrected to a standing calf, averaged 1.18 L/min before the morning meal and 1.72
Umin thereafter. They remained elevated at 1.75 L/ min in the first 6 h after the evening meal before dropping at lower (1.36 L/min) but variable values from h 7 t o 15.
Postprandial Changes in Oxygen Fluxes Through Splanchnic Tissues
Arterial 0 (Table 3) . No statistical changes in arterial 0 2 concentrations were measured after the evening meal, even though concentrations tended to drop from 4.76 mmoVL in the first 7 h postprandially to 4.61 mmoVL thereafter (Table 4) . As far as 0 2 concentrations in portal blood are concerned, they tended to decrease postprandially; however, this effect was not significant. Over the day concentrations averaged 3.28 mmol/L. In hepatic blood, 0 2 concentrations dropped from 3.05 to 2.52 mmol/L on average after the morning meal ( P < .01) and to 2.45 mmoVL after the evening meal (between h 1 and 11, not significant). They increased again in the 4 h preceding the next morning's meal (2.58 mmoVL; P < .01). These small differences combined with blood flow data showed some circadian variations in 0 2 supply to portal-drained viscera (Tables  3 and 4 ). The latter averaged 11.79 mmoVmin before the morning meal and remained at similar levels (12.19 mmol/min) in the 8 h postprandially. The 0 2 supply then increased ( P .OO 1) to an average of 13.84 mmoVmin during h 1 to 7 after the evening meal; the highest value was observed in h 3. It decreased ( P < .001) to 11.76 mmoVmin between h 8 and 13 and reached the lowest levels (10.46 mmol/min) in h 14 and 15. After the morning meal, the stability of 0 2 supply was compensated by a n increased 0 2 extraction rate (from .234 before the morning meal to an average of .318 thereafter, P < , O l ) , resulting in a 44% increase in 0 2 consumption by portal-drained viscera, from 2.64 to an average of 3.81 mmoVmin after the meal ( P < .03) ( Table 3 ). In the evening, by contrast, the postprandial increase in 0 2 supply was only accompanied by a modest and non-significant increase in 0 2 extraction rate (from .301 before to .335 in the first 7 h after the evening meal). Consequently, changes in 0 2 consumption followed those observed for 0 2 supply. Oxygen consumption increased by 33% (not significant) from 3.49 mmoVmin before the evening meal to an average of 4.64 mmol/min in the first 7 h afterward. The subsequent drop was significant ( t o 3.68 mmol/min) between h 8 and 12 ( P < . O O l > , and the lowest values were measured in h 13 to 15 (3.06 mmoVmin, P < .001).
As far as the liver was concerned (Tables 3 and 41 , 0 2 supply remained unchanged in the morning period (at 10.29 mmoVmin on average). However, 0 2 extraction rate increased significantly postprandially (from .229 to ,299 on average, P < .04), leading to a nonsignificant 20% increase in hepatic 0 2 consumption (from 2.46 to 2.94 mmol/min) after the morning meal. Oxygen consumption remained unchanged between h l and 8 of the morning period. After the evening meal, 0 2 supply increased nonsignificantly from 10.79 mmoVmin in h -1 to a n average of 11.61 mmoVmin during h 1 to 4; it decreased ( P < .001) thereafter to reach the lowest levels in h 14 and 15 (8.94 mmol/min). These changes were due to variations in blood flows rather than in blood 0 2 concentrations. They were accompanied by slightly higher (not significant) 0 2 extraction rates between h 1 and 4 (.316 instead of .272, on average). Consequently, hepatic 0 2 consumption was highest between h 1 and 4 postprandially (3.62 mmol/min), decreased to intermediate levels thereafter, and reached the lowest levels in h 14 and 15 (2.30 mmoVmin, P < .04).
Postprandial Changes in Oxygen Fluxes Through Hindquarters
In the morning period, 0 2 consumption by hindquarters increased postprandially by 33% as a result of a rise in 0 2 supply. (Figure 2 ) . of alertness (Toutain et al., 1977) , as also suggested Contributions of portal-drained viscera, liver, and by Schrama et al. (1993) 
Whole-Animal Energy Expenditure
occurred in two phases. Seventeen percent of the ingested food flowed out of the abomasum and into the Whole-animal EE and behavioral patterns were duodenum within the 1st h following the meal. These similar to those noted by Ortigues et al. (199413) in duodenal digesta contained a large proportion of different animals that were coming from the same carbohydrates (Guilloteau et al., 19751 , which are batch of calves and managed in a similar way. rapidly hydrolyzed and absorbed, as indicated by the IN CALF ENERGY EXPENDITURE 561 elevated blood glucose levels in peripheral (Bazin and Brisson, 1976) and portal (Durand and Bauchart, 1986) blood noted 1 to 4 h after the meal.
A small quantity of lipid also flowed into the duodenum shortly after meal ingestion (Toullec et al., 1971; Guilloteau et al., 19751, leading to the first and small postprandial triglyceride absorption and appearance in portal blood (Durand and Bauchart, 1986) . The remaining part of the ingested food seemed to be retained in the abomasal coagulum for a longer period of time and thus to be released more progressively. The peak of lipid, and probably of protein, absorption has been reported to take place 6 to 8 h postprandially (Durand and Bauchart, 1986) . Unpublished metabolite fluxes through PDV measured in calves of the present study have shown similar trends. Consequently, it would seem that the changes in digestion and absorption processes that take place over the first 6 to 7 h after the meals were not sufficiently important t o result in measurable changes in EE over this period of time. By contrast, the peak of lipid and protein absorption would occur, in the case of the present experiment, at the same time as the distribution of the second meal. This peak absorption combined with the initial digestion and absorption processes of carbohydrates and lipids of the second meal would be responsible for the rise in EE noted in h 1 to 6 after the evening meal (+.22 kcal.kg-l BW.h-l). Assuming that EE due to carbohydrates and initial lipid absorption would be similar t o that noted in the morning (+.l8 kcal.kg-l BW.h-'), the incremental EE due to peak lipid absorption would only be +.04 kcal.kg-l BW.h-l. This value is small. Consequently, the second peak of lipid absorption ( 6 to 8 h after the evening meal) would not have any measurable influence on EE, which would progressively decrease to basal levels during the night. One of the objectives of this paper was to determine which tissues would be responsible for these changes in total EE. Before examining this point, the measured components of tissues EE (blood flows and arterio-venous 0 2 concentration differences) were examined to ensure the validity of the data.
Components of Tissue Energy Expenditure
Blood Flows. The mean portal venous and hepatic arterial blood flows measured in the present experiment (44.2 and 6.2 mL.min-l.kg-l BW, respectively) agreed closely with those obtained in preruminant calves in similar (47.0 and 5.6 mL.min-l.kg-l BW; Durand et al., 1988) or in other (40.9 mL.rnin-l-kg-l BW for portal blood flow; Carr and Jacobson, 1968) conditions. When expressed relative to tissue weight, portal and hepatic venous blood flows averaged .74 and 2.23 mL.min-l.g-l of empty portal-drained viscera and liver, respectively. They were similar to, or slightly lower than, previously published results (Ortigues and Doreau, 1994) .
In the present experiment, portal blood flows were on average 11% higher during the morning period than during the night ( h 14 to 15) and were 19% higher in the evening ( h 1 to 3 than in the morning. Portal blood flows were also shown to increase in the 1st h postprandially either nonsignificantly (Durand et al., 1988) or by 9.7% (Carr and Jacobson, 1968) . In addition, Durand et al. (1988) measured in similar animals fed a similar diet subsequent 7 to 12%
decreases in blood flow occurring between h 1 and 4
postprandially. Similar decreases were noted here, although their timing was not as clear, probably because of a large between-animal variability in terms of rate of digestion and absorption. Indeed, the circadian changes noted in the splanchnic blood flows are related to the pattern of digestion end-products absorbed from the gut (Gallavan and Chou, 1985) . In a study of preruminant calves conducted similarly to this one, clear relationships were noted between the circadian patterns of glucose and triglyceride concentrations in portal blood on the one hand (Durand and Bauchart, 1986) and portal blood flows on the other hand (Durand et al., 1988) , as indicated also by preliminary results of blood metabolite concentrations obtained in this experiment.
In the hindquarters, blood flows were much higher than those measured in ewes (Ortigues and Durand, 1994) whether expressed on a leg tissue weight basis (96.5 vs 57.7 mL.min-l.kg-l) or on a boneless leg tissue weight basis (134.0 vs 79.3 mL.min-l.kg-l). This difference might be related to the age of the animals; young calves are more active than adults. Published results on the postprandial changes in hindquarter blood flow are scarce. In sheep fed once daily, no significant variations were noted by Christopherson and Brockman (19891, whereas small decreases were noted in dogs that remained quiet (Gallavan et al., 1980) . This would confirm the suggestion made by Chou (1983) that no major redistribution of blood flows among the various body tissues occurred after a meal, and that the postprandial increase in blood flow through digestive organs more likely arose from an increase in cardiac output and changes in vascular resistance than from reductions in peripheral blood flows.
Oxygen Consumption. Oxygen consumption by tissues is calculated from blood flow and blood oxygen concentrations. Arterial blood 0 2 concentrations and tissue 0 2 extraction rates were within the range of previously published values (Reynolds and Huntington, 1988; Ortigues and Durand, 1994) . On this basis, focus will be put here on the relationships between 0 2 supply to and 0 2 extraction and 0 2 consumption of tissues. In the present experiment, changes in blood flows greatly determined changes in 0 2 supply to the tissues because arterial 0 2 concentrations varied only to a small extent. However, changes in 0 2 supply per se only partly influenced 0 2 consumption by tissues. Indeed, the increased 0 2 demand of splanchnic tissues after the meals was met either by higher 0 2 extraction rates (after the morning meal) or by a combination of elevated blood flows and modest rises in 0 2 extraction rates (after the evening meal). A similar capacity to alter 0 2 extraction rate as the oxidative demand of the gastrointestinal tissues changes has been shown in newborn pigs (Nowicki et al., 1983) . In newborn lambs, evidence also exists that the 0 2 demand of the portal-drained viscera would be provided for either by changes in blood flows only (Edelstone and Holzman, 1981b) or by changes in both blood flows and 0 2 extraction rate (Edelstone and Holzman, 1981a) . The 0 2 demand of the liver would be met essentially by modifications of 0 2 extraction (Edelstone and Holzman, 1981b) .
The consequences of these regulations were to show an increase in splanchnic tissue EE during 4 to 8 h postprandially that was not directly proportional to changes in blood flow but that probably depended on nutrient absorption from the gastrointestinal tract and supply t o the tissues. In the hindquarters no definite circadian changes in 0 2 consumption seemed to take place. Only one other published report has looked at the postprandial changes in 0 2 consumption by the hindquarters of sheep (Christopherson and Brockman, 1989) . These authors observed a decrease in hindquarter 0 2 consumption after feeding.
Tissue Metabolic Activity and Contribution of
Tissues to Whole-Animal Energy Expenditure
Metabolic activity of portal-drained viscera (1.08 pmol of 0 2 consumed.min-l,g-') was of the same order of magnitude as that described in older ruminants (1.42 to 1.65 pmol of 02,min-l.g-l) but lower than that in newborn postprandial pigs or lambs (2.38 to 3.08 pmol of 02.min-l.g-l) (see Ortigues and Doreau, 1994, for review) . This probably indicated that the period of intense gut tissue growth (Edelstone and Holzman, 1981b) and of intense changes in gut function and metabolism (Morisset, 1993) was over. Inversely, hepatic metabolic activity (2.10 pmol of O2.min-l.g-l) was closer to that of newborn lambs (2.83 to 6.36 pmol of Oymin-l-g-l) than to that of older ovines (4.89 to 9.31 pmol of O2.min-l.g-l; reviewed in Ortigues and Doreau, 1994j , suggesting that either the age of the animals or the type and balance of nutrients metabolized by the liver (glucose, long-chain fatty acids vs VFA) probably influences its metabolic activity. As far as hindquarters were concerned, metabolic activity ( .25 pmol of O2.min-l.g-l) was within the range found within previous studies (.22 to .43 pmol of Oymin-l.g-l; Ortigues and Doreau, 1994) . In any case, the age differences noted here do not greatly alter the ranking of the above-mentioned tissues in terms of their metabolic activity. Nevertheless some factors such as species or nutritional or physiological conditions are Lulmuulpuull Luulu ut: IIUWU a~~e r L I I~ evemng meal likely to alter tissue metabolic activity. The latter could thus modulate the influence of tissue weight on contribution of tissues to total EE of animals. The average daily contribution of portal-drained viscera, liver, and hindquarters to whole-animal EE (standing posture) amounted to 17.2, 12.8, and 18.0%, respectively. Contribution noted for the portaldrained viscera was on the lower side of the range of published values for ruminants (16 to 29%; Huntington, 1990; Ortigues, 1991) and pigs ( 19 to 25%; Yen et. al., 1989; Yen and Nienaber, 1993) across feeding levels. Two factors could explain this discrepancy. The first factor could be the standardization of total EE to that of animals in a standing posture, which was made necessary because blood sampling was carried out while animals were standing. Indeed, for lying calves, contribution of the portal-drained viscera would amount to 22%. No account of posture was taken in the cited literature. The second factor could be the age of the animals. Indeed, the contribution was intermediate between that noted for older animals (mentioned above) and that measured in newborn lambs ( l l % , Edelstone and Holzman, 1981b) . The effect of age could be related to combined effects of gut metabolic activity and development. Even though metabolic activity of the portal drained viscera of the approximately l-mo-old preruminant calves was similar to that of older ruminants, gut development was proportionally smaller (5% vs 5 to 11.6% of BW;
Ortigues, 19911, resulting in lower contributions to total EE. Conversely, gut development was more advanced in l-mo-old calves than in newborns (3%; Edelstone and Holzman, 1981b1 , leading to higher contributions even though gut metabolic activity was elevated in newborns.
As far as the liver was concerned, its contribution to total standing EE was lower than that noted either in newborn lambs (16%; Edelstone and Holzman, 1981b) or in adult ruminants (17 to 31%; Huntington, 1990; Ortigues, 1991) . Contribution to the lying EE amounted t o 16%. As discussed previously for the portal-drained viscera the account of posture could partly explain the observed discrepancy. In addition, in the comparison with newborn lambs, liver tissue development could be another prevailing factor because liver represented a slightly lower proportion of BW in l-mo-old calves (2.2%) than in newborns (2.2 to 3.2%; Edelstone and Holzman, 1981b) . Conversely, the influence of the low hepatic metabolic activity of the calves could prevail in the comparison with adults because it reversed the trend that would have been deduced in terms of tissue development (liver represents .94 to 2.53% of BW in adults; Ortigues, 1991) .
Contributions of the hindquarters were higher than those noted in ewes using the same surgical preparation when ewes were fed at maintenance ( 13.8%) but were similar to those noted when ewes were underfed (17.9 to 19.0%; Ortigues and Durand, 19941, even UDServeci r;rl averaged 2.lU kcal.kg-l BW.h-1.
though hindquarters represented a higher proportion of BW in the preruminant calves ( 3 0%) than in the underfed ewes ( 18 to 19%; Ortigues and Durand, 1994) . This discrepancy can probably be explained by the level of feeding, which greatly alters EE of splanchnic tissues.
Extrapolation of the EE of the hindquarters to that of the eviscerated body (on a total weight basis) resulted in a calculated contribution of the eviscerated body to total standing EE of 55.4%. Consequently, the summed contribution of the portal-drained viscera, liver and eviscerated body averaged 85.5%. This reasonable figure validates indirectly the methodology used and the results presented inasmuch as account should be taken of the measurement errors associated with tissue EE as well as the approximation carried in the above mentioned hypothesis.
Contribution of Tissues to Circadian Changes in Whole-Animal Energy Expenditure
Overall circadian changes in measured EE were explained by changes in posture (30961, and at the PDV (31%) and liver (26%). However, specific contribution of tissues to circadian changes in wholeanimal EE should be best studied using the "standing" profiles of EE because tissue measurements were always carried out on standing animals. The increase in total standing EE noted between the basal night level of standing calves and the 7 h that followed the morning meal averaged 13.14 kcalh (+9.5%); 32.8% of this increase could be attributed to the portaldrained viscera and 32.3% to the liver. Similarly, total EE increased by 10.21 kcal/h (+7.2%) between h 1 to 7 after the morning meal and h 1 to 6 after the evening meal. The majority of this increase seemed to be due to the portal-drained viscera (53.7%). The contribution of the liver was smaller (29.1%), which is contradictory to the fact that hepatic metabolism would be more solicited after the evening meal by the large lipid supply. Finally, the role of the splanchnic tissues could also be detected in the changes in total EE between h 1 to 6 after the evening meal and the basal night level; 41.9% and 30.9% of the difference in EE were due to the portal-drained viscera and the liver, respectively.
In conclusion, the determining role of the splanchnic tissues, and especially of the portal-drained viscera, in the postprandial variations in total EE seemed to be quite clear, and it is also reflected in the contributions of splanchnic tissues to whole-animal EE. In sheep fed once daily, splanchnic tissues were also responsible for a major portion of meal thermogenesis, except that the liver seemed to be predominant over the portal-drained viscera. Liver and portaldrained viscera contributed 39 and 24% of the postprandial increase in total 0 2 consumption, respectively (Christopherson and Brockman, 1989) . By contrast, the role of the hindquarters is more questionable.
Implications
Circadian changes in energy expenditure of the whole animal resulted from a combination of digestive, metabolic, and behavioral events. The three phenomena need to be identified to improve interpretation of data. The predominant role of the splanchnic tissues in the circadian changes in energy expenditure is here confirmed, whereas that of the hindquarters is not clearly established. Finally, comparison with literature results suggests that the age differences noted in terms of contribution of tissues to total energy expenditure may be explained by differences in tissue development as well as in metabolic activity.
